To investigate the therapeutical use of phage mixture for controlling gastrointestinal Escherichia coli O157 : H7 cells, in vitro and in vivo experiments were conducted. Three phages, SP15, SP21, and SP22 were selected from 26 phage stock screened from feces of stock animals and sewage influent. Addition of single or binary phage to the E. coli cell batch-culture reduced the turbidity of the culture. However, reascend of the turbidity due to the appearance of phage resistance cell was observed. On the other hand, addition of three phage mixture (SP15-21-22) did not produce reascend of culture turbidity under aerobic condition. Under anaerobic condition, slight reascend of culture turbidity was observed after SP15-21-22 addition. Chemostat continuous culture was operated under anaerobic condition to optimize the titer of phage cocktail and frequency of the addition for controlling E. coli cells. Five-log decrease of E. coli cell concentration after addition of phage cocktail of 10 9 Plaque forming unit (PFU)/ml was observed. However, reascend of cell concentration was observed after 1 d incubation. Repeated addition of phage cocktail was effective to reduce the cell concentration. Suspension of phage cocktail in the buffer containing 0.25% CaCO 3 neutralized 9 times much more buffer of pH 2. Based on this in vitro experiment, phage cocktail (SP15-21-22) suspended in the buffer containing 0.25% CaCO 3 was orally administrated to the mice in which E. coli O157: H7 cells was administrated in 2-d advance. E. coli and phage concentration in the feces was monitored for 9 d after phage addition. High titer of phage was detected in the feces when the phage cocktail administrated daily. E. coli O157 : H7 concentration in the feces has been reduced according to the time period. However, difference of E. coli concentration in the feces of mice administrates with phage and in the control mice without phage addition became slight after 9-d test period. High titer of the phage settled down in the gastrointestinal tracts and reduced the concentration of E. coli cell. Repeated oral administration of SP15-21-22 was effective for rapid evacuation of E. coli O157 : H7 from the feces and gastrointestinal tract of mice.
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[Key words: bacteriophage, Escherichia coli O157 :H7] Enterohaemorrhagic Escherichia coli (EHEC) is a worldwide cause of infection in humans and animals. The most important component of their virulence is the production of one or both Shiga-like toxins (Stx) I and II (1) (2) (3) . Strains belonging to the O157 serogroup, especially O157 : H7 were associated with outbreaks and sporadic cases throughout the world. The Ministry of Health and Welfare in Japan has recommended the use of kanamycin, fosfomycin, and a new quinolone antimicrobial agent, norfloxacin (4). However, these various antimicrobial agents, including the new quinolone, induced the production of Stx under certain condition (5). In mammalian intestines, antibiotics usually affect not only the targeted pathogenic bacteria, but also normal microflora. This disturbs the natural in vivo microbial balance, which may lead to serious secondary effect including intestinal disorder. Additionally, in resent years the emergence of antibiotic-resistant bacteria has become a critical problem that limits the use of once widely used drugs.
The use of bacteriophage as a therapeutic agent (phage therapy) is one possible option for controlling pathogenic bacteria (6, 7) . Phage therapy was first developed early in the last century and showed much promise, but also aroused much controversy. Extensive clinical research and implementation of phage therapy has continued to be carried out in Eastern Europe over the last 50 years (8) . In contrast, it has been little used in the West and other countries since the advent of antibiotics in the 1940s. The recent increasing emergence of multiantibiotic-resistant mutants of pathogenic bacteria has revived in the Western countries (9, 10) .
Many studies describing the efficacy of phage in treating experimentally-infected animals have been published (11) (12) (13) . In this study, we investigated the therapeutical use of phage mixture for controlling gastrointestinal E. coli O157 : H7 cells, by in vitro and in vivo experiments. Optimization of phage cocktail, quantity and frequency of phage administration, protection of phage from stomach-acid and difference of aerobic-anaerobic condition were analyzed by in vitro experiments. Based on this in vitro experiment, condition of oral administration of phage cocktail to mice was set-up and conducted.
MATERIALS AND METHODS
Bacterial strains and bacteriophages E. coli O157 : H7 ATCC43888, which produces neither Stx1 nor Stx2 because of the lack of genes for these toxins, was used. Bacterial strains used for the determination of phage susceptibility are listed in Table 1 . E. coli W3110 is a female (F -) strain of K12 derivative. E. coli C is also a female strain. On the other hand, E. coli HfrH is a male (F + ) strain of K-12 derivative. Three bacteriophages, SP15, SP21, and SP22 used in this study were collected from 26 phages screened from feces of stock animals, human feces, and sewage influent (14) . Those three phages showed lytic action toward pathogenic E. coli O157 :H7 (EDL933). Each phage was added to the E. coli O157: H7 ATCC43888 culture in 250 ml of Luria-Bertani (LB) at multiplicity of infection (MOI) of 0.01 and incubated for 4 h. Cell debris was separated by centrifugation (9500×g, 10 min, 4°C). The phage was precipitated by adding 25 g of polyethylene glycol (PEG) 6000 and 10 g of NaCl, and the culture was allowed to stand overnight at 4°C. The phage was separated by centrifugation (16,000×g, 60 min, 4°C) and resuspended in 10 ml of SM buffer (10 mM MgSO 4 , 100 mM NaCl, 0.01% gelatin, and 50 mM TrisHCl [pH 7.5]). The phage solution was mixed with 10 ml of chloroform, allowed to stand for 6 h at 4°C, and centrifuged (10,000×g, 20 min, 4°C) to remove cell debris. The phage was separated by CsCl density gradient (1.45, 1.5 and 1.7 g/ml) centrifugation (111,000×g, 2 h, 4°C). CsCl was removed by dialysis in the SM buffer. The final phage concentration of the stock was adjusted by diluting with sterile SM buffer.
Analysis of bacterial lysis with phage in batch culture A 50 µl of E. coli O157 :H7 ATCC43888 overnight culture was inoculated into 5 ml of LB broth, and incubated with shaking at 37°C. Air permeable silicon plug was used for the aerobic culturing. Butyl rubber plug was used for the anaerobic culturing and the head space of the test tube was replaced with nitrogen gas sterilized through micro-filter. Change of culture turbidity of OD 660 was automatically recorded by photo recorder (Advantec, Tokyo) without fractionating the sample from the culture. When the culture reached an OD 660 of 0.1, phage or phage-cocktail was added at an MOI of 10. The subsequent OD 660 of the culture was monitored. All assays were done triplicate and confirmed reproducibility.
Phage infection in anaerobic continuous culture E. coli O157:H7 ATCC43888 was pre-cultured in 2 ml of LB broth at 37°C with shaking (120 rpm) under aerobic condition. In continuous culture, bacteria and phage cultures were grown in 1/1000 ×di-luted LB broth. A peristaltic pump was used to supply fresh medium and remove spent medium from the culture flask at the same flow rate (7.5 ml/min). The culture volume was approximately 30 ml, and the dilution rate (0.25/h) was adjusted by changing the pump running speed. Head space of the culture flask, medium bottle, and spent bottle were purged with filter sterilized nitrogen gas to maintain the anaerobic condition. After 10 µl inoculation with E. coli O157: H7 ATCC43888, the culture was kept at 37°C with stirring and maintained overnight for establishing a steady state condition. Phage cocktail was then added to the culture.
The continuous culture was periodically sampled to determine the concentration of bacteria and phage. The samples were centrifuged at 12,000×g for 5 min at 4°C to separate the supernatant and cell-pellet. The phage titer of the supernatant was determined by serial dilution with sterile SM buffer followed by plaque assay on lawns of E. coli O157: H7 ATCC43888. The cell-pellets were washed, resuspended and diluted with phosphate-buffer-saline (PBS) and the viability of cells was determined by plating onto LB agar. All assays were done in triplicate.
Phage stability under acidic condition Phage solution (1× 10 7 PFU/ml) 100 µl was mixed with 900 µl of acidic SM buffer with hydrogen chloride, and incubated at 37°C. The mixture was sampled periodically and immediately diluted with the SM buffer (pH 7.5) to 100 times. Stability was estimated by comparing phage titer in the acidic SM buffer with that in the neutral SM buffer pH 7.5. To neutralize the acidic SM buffer, CaCO 3 was added to the phage stock solution to make the final concentration was 0.25%.
Infection of mice The efficacy of phage therapy was evaluated by mouse model. Six-week-old ICR Crj : CD1 male mice (Charles River Japan, Yokohama) were used for infection. E. coli O157:H7 ATCC43888 was grown in LB medium. Log-phase culture was centrifuged (9500×g, 10 min, 4°C), followed by resuspension in sterile PBS at 4°C to make a concentration of 1 ×10 10 colony forming unit (CFU)/ml. One hundred microliter of E. coli solution (1×10 9 CFU) was orally administrated to the mice through plastic sonde into the stomach. Two days after E. coli administration, 100 µl of phage solution supplemented with 0.25% of CaCO 3 was orally administrated to the mice through plastic sonde into the stomach according to the condition follows: group 1, control without phage treatment; group 2, single administration of 1 ×10 8 PFU; group 3, single administration of 1 ×10 10 PFU; and group 4, daily administration of 1 ×10 10 PFU. Six mice were used for each group. Quantitative analysis of E. coli and phage in faces and organs Freshly voided feces during 2 h, was weighing and smashed in the plastic tube after addition of 10-fold SM buffer. Smashed feces was centrifuged (9500×g, 10 min, 4°C), serially diluted with PBS and overlaid on MacConkey Sorbitol agar plate (Merck, Darmstadt, Germany) for enumeration of E. coli O157:H7. No positive colony was detected in the feces of mice before the administration of E. coli O157: H7. The supernatant was serially diluted with SM buffer, and used for enumeration of phage by plaque assay method. No plaque was detected in the feces of mice before the administration of phage on the lawn of E. coli O157 :H7.
E. coli O157:H7 and phage concentrations of gastrointestinal organs were also analyzed. Ten days after phage administration, mouse was sacrificed. Gastrointestinal organs were separated into four parts; upper-and lower-part of the small intestine, cecum, and colon. Each part was weighing and smashed by homogenizer after addition of 2-3-fold SM buffer. Enumeration of E. coli O157 : H7 and phage was conducted by the same way for feces.
RESULTS
Phage cocktail prolonged appearance of phage-resistant cells In total, 26 phages were isolated from the influent of wastewater treatment plant and animal feces and were distinguished by the restriction fragment length polymorphism (RFLP) of their genomes. Among them, three phages, named SP15, SP21 and SP22 showed strong virulency against E. coli O157 : H7. Host range of these phages is shown in Table 1 . SP15 and SP21 showed relatively broad host range. On the other hand, host range of SP22 was limited to E. coli O157 : H7 strains among the E. coli strains used. After the addition of each phage to the exponentially growing E. coli O157 : H7 cells under the aerobic condition, marked decreases in OD 660 were observed due to fragmentation of the cells (Fig. 1A) . However, cell growth was again observed in the cultures 4-6 h after phage infection, indicating the appearance of the phage resistant cells. Cells resistant to each of the three phages were purified and named RXX. For instance, R15 is a SP15-resistant E. coli cell. Susceptibility test of phage-resistant cells showed that phages SP15, SP21, and SP22 did not produce plaques on the lawn of R15, R21, and R22 cells, respectively (data not shown). On the other hand, SP15 produced plaques on the lawn of R21 and R22, SP21 produced plaques on the lawn of R15 and R22, and SP22 produced plaques on the lawn of R15 and R21. This observation indicated that alterations of E. coli O157 : H7 cell to be resistant to each phage differs among three phage-resistant cells, R15, R21 and R22. Therefore, mixture of those phages was expected to prolong or inhibit appearance of phage-resistant cell. When the mixture of two phages (SP15-21, SP15-22, and SP21-22) was added independently to the E. coli O157 : H7 cell culture, prolonged incubation was required for the appearance of phage-resistant cells (Fig. 1B) . Particularly, mixture of SP21-22 prolonged more than 30 h to reascend turbidity of the culture. However, after that period almost normal cell growth was observed due to the appearance of phage resistant cell (R21-22). Only the SP15 showed lytic action to the R21-22 among the 26 phage stock in our laboratory. Therefore, the mixture of those three (SP15-21-22) was though to be most ideal phage cocktail. Addition of SP15-21-22 did not reascend turbidity of the cell culture up to 70 h incubation. Reproducibility of the result was confirmed by repeating above mentioned experiment for three times.
Since the gastrointestinal tract is anaerobic, experiment shown in Fig. 1A and 1B was conducted under anaerobic condition (Fig. 1C, D) . Culture turbidity in the control condition without phage infection reached 0.7 after 12 h incubation and stayed constant during the test period. The value was about 1/4 of that of aerobic condition. Decrease of culture turbidity was observed after the addition of phage or phage mixture to the exponentially growing E. coli cell in all cases. Phage mixture prolonged appearance of phage resistant E. coli. However, reascend of culture turbidity was observed after prolonged incubation in all cases. Culture turbidity under steady state after the appearance of phage resistant cell differed among the conditions. Application of phage mixture decreased ultimate turbidity of the culture. In particular, the value (OD 660 ) for SP15-21-22 was about 0.1.
The estimated E. coli concentration equivalent to OD 660 =0.1 is about 1 ×10 6 CFU/ml. Since the phage cocktail of SP15-21-22 inhibited appearance of phage resistant cell in the aerobic condition and reduced the concentration of the cell in the anaerobic condition, the cocktail was used for further experiment.
Fate of E. coli O157 : H7 and phage cocktail in continuous culture The continuous culture was operated to investigate the effect of concentration and frequency of phage addition on the fate of E. coli O157 : H7. In this continuous culture (chemostat culture), the specific growth rate µ (1/h) is considered to be equivalent to the dilution rate D (= F/V [1/h]), where F is the feed rate of the medium and V (30 ml) is the culture volume. Accordingly, bacteria that died or whose µ was lower than the D would be lost from the reactor. The dilution rate was kept at 0.25 1/h throughout the test. Thousandfold diluted LB has been used as a medium. Cultivation was conducted under anaerobic condition. After the overnight culturing without phage infection, E. coli concentrations in the reactor reached around 1 ×10
6 CFU/ml and stay constant until the addition of phage cocktail. After the addition of phage cocktail, fate of E. coli O157 : H7 was influenced by the concentration of phage added (Fig. 2) . When the initial phage concentration was same as that of E. coli O157 : H7 in the continuous culture, E. coli concentration did not change after the phage addition. On the other hand, when the large amount of phage was added, decrease of E. coli cell concentration was remarkable. In all cases, phage and E. coli were coexisted in the continuous culture after prolonged incubation.
Since the single administration of phage cocktail could not eliminate E. coli cells from the reactor, repeated administration was conducted in the anaerobic continuous culture (Fig. 3) . After the continuous culture reached to the steady state, 1000-fold much more phage to the E. coli cells was added every day to the culture. The decrease of E. coli concentration after the addition of phage was about 1/1000-fold in each time. Reascend of cell concentration during over night cultivation after the phage addition was observed. The cell concentration reached 10 5 -10 6 CFU/ml in each time. Repeated decrease of cell concentration after phage addition indicated that the cells were susceptible to the phage cocktail.
Stability of phage in the acidic condition When the phage cocktail was orally administrated, the cocktail encountered acidic condition in the stomach. The pH value of the stomach is estimated 1-2. Three phages, SP15, SP21, and SP22 were examined for their stability under the acidic condition (Fig. 4) . Viability changes of three phages under pH 4, were slight. The viability under pH 3, became about a half after 10 min incubation. Then the value stayed constant for 1 h. The value became immediately less than the experimental lower limit under pH 2. Protection of phage cocktail in the stomach was required. Neutralization by CaCO 3 was expected to be cheap and easy way. Phage cocktail was suspended with 0.25% CaCO 3 , and was mixed with 9-fold SM buffer (pH 2) to make the final concentration of CaCO 3 to 0.025%. The pH of the mixture was about 4, and the viability of the cocktail in this mixture did not change during 60 h Concentration of each phage was the same. E. coli cells were precultured without phage infection for over night, and then the phage cocktail was added to the culture at time zero. Initial concentration of phage cocktail in the reactor were 10 6 PFU/ml (A), 10 8 PFU/ml (B), and 10 incubation (Fig. 4D) . Therefore, phage cocktail was prepared in 0.25% CaCO 3 SM buffer for the next experiment.
Concentrations of E. coli O157 : H7 and phage in the mice stool
In advance to the phage administration, E. coli O157: H7 (1 ×10 9 CFU) suspended in 100-µl SM buffer was orally administrated to the mice through the plastic sonde into the mice stomach. E. coli concentration in the feces 2 d after E. coli administration (time zero in Fig. 5 ), was around 5 ×10
3 CFU/g-feces except group 2 (single administration of 1 ×10 8 PFU phage cocktail) in which the value was one-log higher than the other groups. One hundred microliter of phage cocktail, SP15-21-22, suspended in 0.25% of CaCO 3 was orally administrated through the plastic sonde into the mice stomach (time zero in Fig. 5) . If the volume of stomach acid is less than 900 µl, pH value in the stomach might be higher than 4. The concentration of three phages in the cocktail was the same. Within 5 d, a 3-log reduction in phage counts was observed in the mice feces after the single administration of the phage cocktail. Phage counts reduced below the limit of detection of 10 PFU/g-feces after 3 d when the phage cocktail of 1 ×10
8 PFU was administrated. On the other hand, almost constant phage concentration was observed when the phage cocktail administrated daily. The concentration has been kept over 1×10
5 PFU/g-feces during 9-d test period. Within 3 d, one-log reduction of E. coli count was observed in the mice feces after phage administration. In contrast, the value stayed almost constant for 3 d when no phage was administrated. While only a slight difference was observed after 7-9 d, except group 4 (daily phage administration).
Enumeration of E. coli O157 : H7 and phage in the gastrointestinal tract of mice Ten days after phage administration, all mice were sacrificed for enumeration of E. coli cells and phage in the gastrointestinal tracts. Gastrointestinal tracts were separated into four parts, upper small intestine, lower small intestine, cecum, and colon. No phage was detected in all organs when no phage (group 1) or low number of phage (group 2) was administrated. When Single administration of phage cocktail was not effective to reduce the E. coli concentration in the gastrointestinal tract (Fig. 6B) . Nine days after single phage administration, the concentration of the E. coli cells in the organ was higher than that of control (group 1). On the other hand, daily administration of high titer of phage cocktail was effective to reduce the E. coli cells from the gastrointestinal tract. Only a small number of E. coli cells were detected from the upper small-intestine and cecum. No cell was detected from the lower small-intestine and colon.
DISCUSSION
After having been forgotten for many years the idea of phage therapy was reassessed recently (15) (16) (17) (18) (19) (20) (21) . Previous studies demonstrating phage-mediated biocontrol of pathogenic E. coli in animals have generated very promising results. For example, calves and piglets with diarrhea due to experimentally administered pathogenic E. coli were cured within 8 h following phage administration (18) . In this study, biocontrol of gastrointestinal E. coli O157 : H7 was investigated in vitro and in vivo. The in vitro experiments showed the optimum combination of phage cocktail, phage dose, frequency of administration, difference of aerobic-anaerobic condition, and susceptibility to low pH. Virulency of 26 phages isolated from feces of stock animal and sewage influent, and effect of two phage combination for prolonging appearance of phage resistant cell was investigated by batch culture (data not shown). In all cases, phage resistance cell was appeared in the culture. Use of phage mixture (phagecocktail) is commonly effective to solve this problem, appearance of phage resistance cell. If the phage resistance cell (R-X) against phage X is also resistance to phage Y, mechanism to be resistance to phage X is common to that of phage Y. In this case, synergistic effect of phages X and Y could not be expected. On the other hand, R-X is sensitive to phage Z, synergistic effect of phages X and Z could be expected. All of the combination among the 26-phage stock was examined to prolong the appearance of phage resistance cell in the batch culture. Among them, the combination of SP21-22 needed longest period (30 h) to appear the phage resistance cell (data not shown). SP15 phage only showed lytic action on R21-22 cell which was resistance to SP21-22. These relations is summarizing in Table 2 . Previously, the mechanism of phage resistance was investigated (14) . Outer membrane protein analysis showed the production of OmpC was not detected in R21 which showed complete resistance to SP21. Thus, it seems that OmpC served as a receptor protein for SP21. The production of low-molecular-mass LPS was reduced in the R22 strain and alteration of this component was considered to render the strain resistant to SP22. The mechanism of R15 resistance to SP15 was not revealed. The combination of SP15-21-22 was selected for further experiment. Rational selection of phages has the potential to delay or inhibit the emergence of phage resistance. SP15-21-22 was completely suppressed the appearance of phage resistance under aerobic condition. However, addition of SP15-21-22 to the E. coli cell culture did not suppress appearance phage resistance (R15-21-22) under anaerobic condition. The mechanism of E. coli resistance to phage under anaerobic condition remains to be solved. Cell concentration of R15-21-22 in the stationary phase under anaerobic condition was very low (Fig. 1D) . Alteration of R15-21-22 to be resistance to SP15-21-22 was thought to be severely defective for normal cell growth. In order to survive in the gastrointestinal tract, a phage should be resistant to gastric acid (HCl) and bile and should be able to establish itself in the intestinal microbiota. Acidity is believed to be the most detrimental factor affecting viability of phage. Preparation of phage cocktail in CaCO 3 solution may be effective and cheap method to solve this problem. Studies conducted by Smith et al. have shown that phages may have immense potential for controlling E. coli infection in experimental animals (17, 18, 22, 23) . They cured or prevented enteropathogenic E. coli diarrhea in animals with oral phage administration. However, efficacy was observed only when a phage was administrated before or together with the infective bacteria. If the phage was administrated after the onset of diarrhea, the disease intensity was decreased but the disease was not cured. Most possible use of phage is to be therapeutical, not to be preventive. Selecting properly titer of phage and frequency of administration are key factors in controlling target bacteria. In vitro experiment in this study, revealed high titer and frequent administration required for controlling E. coli. In the anaerobic continuous culture, addition of high titer of phage was effective for the initial reduction of E. coli in the reactor (Fig. 2C) . For instance, 1000-times much more phage addition to the cell, initial reduction of the cell was about five log. Since the E. coli cell concentration in the continuous culture before phage addition was around 10 6 CFU/ml, five-log reduction was not enough to complete elimination of E. coli cell from the system. Daily addition of phage cocktail to the anaerobic continuous culture reduced repopulated cells. If the mechanism of cell reascend was due to the appearance of phage resistance cell, repeated addition of the cocktail might have no effect. The reascend of the cell concentration was thought to be due to the wash out of one or two phages from the chemostat vessel. Concentration of each phage could be separately counted by using phage resistant cells. For instance, SP15 cell concentration could be estimated by plaque assay on the lawn of R21-22. Twenty-four hour incubation after the addition of phage cocktail, most of the phage in the continuous culture was SP15 (data not shown). SP21 and 22 were not detected in the same sample. Based on the in vitro experiments, optimal condition of phage administration was summarized as follows; phage combination was SP15-21-22, phage titer was higher than that of bacteria, addition of CaCO 3 was effective for neutralization of stomach acid, daily administration was effective to reducing bacteria continuously.
This optimum condition was applied for in vivo experiments. E. coli O157 : H7 concentration in the mice feces decreased gradually with and without phage administration. However, phage addition enhanced the rate of cell evacuation in the feces. Especially, repeated administration of high titer of phage cocktail was effective for rapid reduction of E. coli concentration in the feces. Phage concentration in the feces was rapidly decreased after single administration of phage cocktail. However, repeated dose of high concentration of phage cocktail kept high titer of phage in the feces. Phage concentration in the feces at day 9 in groups 3 and 4 was enumerated distinctively. Percentage of each phage counting were SP15 : SP21 : SP22 = 86%:12%:2% for group 3, and SP15 : SP21 : SP22 = 93% : 3% : 4% for group 4. The SP15 phage rigidly survived and excreted in feces. This observation was agreed with the result of the in vitro experiment which showed that SP15 was survived after over night incubation in anaerobic chemostat culture. High titer of phage in the four parts of gastrointestinal tract was observed when the phage cocktail was repeatedly administrated. Low concentration of E. coli cells in the gastrointestinal tract in group 1, without phage addition, compared with groups 2 and 3 makes a difficulty to understand. Single phage addition might enhance the E. coli adhesion to the inner surface of mice gastrointestinal tract. Additional experiments are needed to determine the precise mechanism of this observation. However, repeated administration reduced or evacuated E. coli from the gastrointestinal tract.
In conclusion, phage cocktail SP15-21-22 could eliminate E. coli O157 : H7 in the test tube under aerobically batch culture. However, in anaerobically condition, reascend of cell growth was observed. Repeated oral administration of SP15-21-22 was effective for rapid evacuation of E. coli O157 : H7 from the feces and gastrointestinal tract of mice. 
